Adaptive evolutionary change is contingent on variation and selection; thus, understanding adaptive divergence and ultimately speciation requires information on both the genetic basis of adaptive traits as well as an understanding of the role of divergent natural selection on those traits. The lake whitefish (Coregonus clupeaformis) consists of several sympatric ''dwarf'' (limnetic) and normal (benthic) species pairs that co-inhabit northern postglacial lakes. These young species pairs have evolved independently and display parallelism in life history, behavioral, and morphological divergence associated with the use of distinct trophic resources. We identified phenotype-environment associations and determined the genetic architecture and the role of selection modulating population genetic divergence in sympatric dwarf and normal lake whitefish. The genetic architecture of 9 adaptive traits was analyzed in 2 hybrid backcrosses individually phenotyped throughout their life history. Significant quantitative trait loci (QTL) were associated with swimming behavior (habitat selection and predator avoidance), growth rate, morphology (condition factor and gill rakers), and life history (onset of maturity and fecundity). Genome scans among 4 natural sympatric pairs, using loci segregating in the map, revealed a signature of selection for 24 loci. Loci exhibiting a signature of selection were associated with QTL relative to other regions of the genome more often than expected by chance alone. Two parallel QTL outliers for growth and condition factor exhibited segregation distortion in both mapping families, supporting the hypothesis that adaptive divergence contributing to parallel reductions of gene flow among natural populations may cause genetic incompatibilities. Overall, these findings offer evidence that the genetic architecture of ecological speciation is associated with signatures of selection in nature, providing strong support for the hypothesis that divergent natural selection is currently maintaining adaptive differentiation and promoting ecological speciation in lake whitefish species pairs.
Introduction
According to the ecological theory of adaptive radiation, organisms are the product of their environment and the resources they consume (Schluter 2000) . Under this predictive framework, shifts of organisms into novel habitats are hypothesized to be adaptive, whereby populations should diverge at phenotypes that influence survival and reproduction when exposed to different environments (Mayr 1963) . Although it is generally accepted that the primary mechanism of adaptive evolution is directional selection, demonstrating and explaining the role of selection in cases of adaptive divergence have been challenging (Reeve and Sherman 1993; Rieseberg et al. 2002) . This challenge lies principally with establishing a link between the role of selection on phenotypic divergence and the heritable basis of adaptive traits. This implies deciphering the number and distribution of genes that affect traits leading to adaptive divergence, as well as understanding the biological link between the underlying variation for genetically based phenotype-environment associations and the action of natural selection on those traits (Schluter 2000; .
Surprisingly little is known about the genetic basis of adaptation and the role of selection, such that the number and magnitude of genetic changes responsible for speciation are far from resolved (Orr and Smith 1998; Orr 2005b ). Adaptation of populations toward an optimum fitness within a new environment may be associated with several genes, each of small effect, or may invoke fewer genes with larger phenotypic effects that are more apt to respond to selection rapidly (Orr 2005a) . In either scenario, understanding the response of traits to selection is required to demonstrate that the mechanism invoking divergence is adaptive (Schemske and Bradshaw 1999) . Until recently, adaptive trait divergence and its role in the formation of reproductive isolation have been debated largely in the absence of empirical data (Bradshaw et al. 1998; Jones 1998; Kim and Rieseberg 1999; Sawamura et al. 2000; Peichel et al. 2001; Albertson et al. 2003) . The most striking feature from these studies is the lack of consistency between species as well as the tremendous amount of variation with respect to the number of genes influencing species differences (Orr 2001) . Despite these contrasting views, a general consensus has persisted that the consequence of adaptive trait divergence is the formation of reproductive isolation through pleiotropic interactions or physical linkage as a by-product of natural selection from populations adapting to divergent environments (Rice and Hostert 1993; Hawthorne and Via 2001; Presgraves et al. 2003) . This is central to the ecological speciation hypothesis (Dobzhansky 1951; Rundle and Nosil 2005) . However, little is known about the genetic architecture of adaptive traits, the evolutionary forces that may have driven their divergence, or the consequences of adaptive divergence and how this process may contribute to the formation of reproductive barriers (Barbash et al. 2004; Rogers and Bernatchez 2006) . Ultimately, more information about the genes underlying species differences is needed to address these issues (Orr 2001; Coyne and Orr 2004) .
There are 2 main approaches that may be used toward achieving these objectives. First, recent studies have applied a ''bottom-up'' approach targeting specific candidate genes. This approach starts with the genes and investigates how their expression affects the average phenotype, thus demonstrating the influence of selection on adaptive trait divergence by characterizing candidate genes (Feder and Mitchell-Olds 2003) . However, adaptation is, by nature, a multifaceted phenomenon where many traits evolve together (Wallace 1953; Powers et al. 1991; Reeve and Sherman 1993 ). Fisher's geometric model of adaptation even assumes that every mutation has a pleiotropic effect on fitness (Orr 2005a) . As such, a bottom-up approach risks missing the most relevant candidate genes and may hamper explanations of adaptive divergence in cases where many traits coevolve together. A ''top-down'' approach of explaining adaptive divergence may be more effective, particularly in nonmodel organisms, where the biology of adaptive traits may not be well defined or genomic tools may be limited. This approach should be the first to identify phenotype-environment associations and then attempt to understand the genetic architecture underlying the evolution of the traits. Finally, the role of selection in modulating population genetic divergence underlying adaptive traits needs to be determined.
Understanding the genetics of adaptation is possible through quantitative trait loci (QTL) studies, which are dependent upon the prediction that the genetic architecture of adaptation can be explained by the number, magnitude, and direction of QTL underlying adaptive phenotypes (Orr and Coyne 1992) . QTL cannot always predict the action of selection in nature (Orr 1998; Gardner and Latta 2006) . For example, allelic covariance among genes may potentially restrict the possibility of detecting the effect of selection for QTL of small effect (Le Corre and Kremer 2003) . However, divergent selection is ultimately predicted to reduce gene flow at QTL implicated in adaptation and speciation. In these cases, QTL that exhibit outlier patterns of differentiation when compared with neutral expectations are likely to represent adaptive QTL under the influence of divergent selection maintaining differences between species (e.g., Luikart et al. 2003; Beaumont and Balding 2004; Campbell and Bernatchez 2004; Scotti-Saintagne et al. 2004; Rogers and Bernatchez 2005; Bonin et al. 2006) . The amenability of genome scans also lends to the possibility of identifying parallel trends of divergence through analysis of multiple populations. Parallel trends of divergence offer stronger support for the role of natural selection in adaptive trait evolution as other evolutionary forces, such as genetic drift, are unlikely to produce predictable changes in independent lineages in correlation with the environment (Schluter and Nagel 1995) .
The lake whitefish (Coregonus clupeaformis) species complex is a dynamic example of evolutionary change ideal for studies of adaptive divergence. Isolation during the Pleistocene led to significant allopatric divergence between populations inhabiting distinct glacial refugia (18,000 to 500,000 years ago; Bernatchez and Dodson 1990) . Secondary contact of glacial races subsequently occurred in several northern temperate postglacial lakes (Pigeon et al. 1997) . Ecological opportunity within these lakes (e.g., the absence of competitors; Bernatchez 2004) as well as character displacement has contributed to the recent parallel evolution and reproductive isolation of a ''dwarf'' ecotype diverging in sympatry with the normal ecotype to exploit limnetic and benthic niches of the lakes, respectively (Pigeon et al. 1997; Rogers and Bernatchez 2006) . These sympatric dwarf (limnetic) and normal (benthic) whitefish species pairs now co-inhabit in at least 6 lakes in Maine, USA, and Québec, Canada (Bernatchez and Dodson 1990) . Within these environments, dwarf whitefish mature as early as 1 year old and seldom exceed 20 cm in length and 100 g in weight, whereas normal whitefish mature at an older age (greater than 2 years old) and commonly exceed 40 cm and 1,000 g. Dwarf whitefish are found only in sympatry with the normal ecotype and only in the absence of another limnetic coregonine fish, the cisco (Coregonus artedii), suggesting that divergent natural selection resulting from ecological pressures within the limnetic niche may explain the evolution of the derived dwarf whitefish (Pigeon et al. 1997) . The dwarf and normal dichotomy is further supported by several genetically based phenotype-environment associations (Bernatchez 2004) . Adaptive trait differences have been observed for behavior (associated with habitat isolation and predator avoidance; Rogers et al. 2002) , growth (associated with the physiological cost of inhabiting a limnetic environment; Trudel et al. 2001; Rogers and Bernatchez 2005) , and morphology (associated with gill raker-prey associations, where more rakers in the buccal cavity of fish within the limnetic niche are more efficient to sieve ingested prey). Divergence in allopatry has led to the formation of intrinsic reproductive isolation between species pairs following experimental evidence of increased hybrid inviability (Lu and Bernatchez 1998; Rogers and Bernatchez 2006) . Moreover, the evidence for several phenotype-environment associations as well as divergent levels of transcription at genes associated with swimming capacity and energetic metabolism (Derome et al. 2006) indicates that both intrinsic (genetic) and extrinsic (ecological) forces are contributing to the phenotypic evolution of dwarf and normal lake whitefish.
The objective of this study was to elucidate the genetic architecture of adaptive divergence in dwarf and normal lake whitefish and to test if differences at QTL were maintained by selection among natural populations. We hypothesized that the genetic basis of adaptive trait divergence and reproductive isolation could be understood as the genetic architecture of behavioral, physiological, morphological, and life history traits that differentiate dwarf and normal species pairs. We localized at least one QTL for each of these adaptive traits. Using a genome scan approach, we then tested if any of these QTL were responding to selection among naturally occurring sympatric species pairs. We found that several of these QTL were concurrently under selection in diverging species pairs, offering evidence that divergent natural selection modulates the genetic architecture of adaptive divergence and ultimately promotes ecological speciation.
Materials and Methods
As their postglacial divergence is recent, fertile hybrids between dwarf and normal whitefish can be generated in the laboratory, allowing the construction of genetic linkage maps for the dissection of complex traits (Rogers et al. 2001) . We combined a QTL mapping and map-based genome scan approach toward identifying genomic regions implicated with 9 phenotype-environment associations involved in dwarf and normal whitefish divergence. We used map-based loci where homology among natural populations could be inferred to screen for outlier levels of differentiation compared with neutrality across 4 of the 6 sympatric species pairs of whitefish found in the St John River watershed in order to test the hypothesis that divergent selection at QTL is maintaining adaptive divergence between dwarf and normal species pairs in each lake.
Experimental Families
Hybrids were produced between parents representing 2 allopatric whitefish populations belonging to different glacial races. The parental generation of the Acadian glacial origin (dwarf) and Atlantic-Mississippian glacial origin (Normal) was sampled from Témiscouata Lake (470°36#N, 680°45#W) and Aylmer Lake (450°50#N, 710°26#W), respectively. These particular populations were chosen because they overlap in reproductive schedule, rendering hybrid crosses possible between them. The F1 consisted of pure dwarf, pure normal, and their hybrids (Lu and Bernatchez 1998) . Two distinct backcross-like crosses were used for mapping: 1) between a $ Hybrid ($ Normal Â # dwarf) and a # dwarf, denoted as Hybrid Â dwarf, and 2) between a $ Hybrid ($ dwarf Â # Normal) and a # Normal, denoted as Hybrid Â Normal. The experimental design of utilizing outbred F1 hybrid females backcrossed to pure parental dwarf and normal resulted in 2 families with genetic backgrounds derived primarily from each population. Both families were reared in the same units under photoperiod and temperature conditions mimicking natural lake conditions from embryonic development until maturity. At the age of 1þ (September 2001), 250 individuals from each family were surgically implanted with passively integrated transponder (PIT) tags providing a barcode by which each individual could be followed throughout their life history. At this time, adipose fin tissue was sampled for DNA analyses.
Phenotypic Experiments among Families Swimming Behavior
Divergent behaviors are often important traits to understand if one wishes to understand the genetics of ecological divergence. Swimming behaviors are essential to understanding lake whitefish evolution following evidence that they comprised genetically based phenotypeenvironment associations in the parental source populations (Rogers et al. 2002) . Behavior experiments commenced in October 2001 and were performed in two 4,500 l cylindrical aquaria. These experimental trials followed the methodology of Rogers et al. (2002) , with the exception that these experiment trials were conducted on individual fish. Each day, a single fish was randomly selected from the rearing tanks, its PIT tag scanned, and then transferred to the experimental tank and allowed to acclimate for 60 min. Only one fish per rearing tank was sampled per day to reduce the chances of incidental bias from disturbing the remaining fish in the rearing tanks. Thus, with 2 rearing tanks per family, up to 4 individuals were studied daily. Video cameras recorded behavioral observations for 30 min per fish with no one inside the room during the trials. Four behavioral phenotypes with the following sample sizes in each family were subsequently quantified from the videos for QTL analyses: depth selection (Hybrid Â dwarf, n 5 109; Hybrid Â Normal, n 5 76), directional changes (Hybrid Â dwarf, n 5 95; Hybrid Â Normal, n 5 76), burst swimming (Hybrid Â dwarf, n 5 95; Hybrid Â Normal, n 5 76), and activity (Hybrid Â dwarf, n 5 109; Hybrid Â Normal, n 5 76).
Depth selection was defined as the observed distance of each fish in the water column from the bottom of the tank and was measured by sectioning the experimental tank into 5-cm increments (up to 200 cm) whereupon the position of the fish could be recorded to the nearest 5-cm increment. One observation per minute was recorded resulting in 20-30 observations for each fish per trial. The phenotype was then the average of these 20-30 observations. Directional changes were defined as single immediate turns greater than 90°. Burst swimming was defined as the number of instantaneous accelerations invoking a short, strong use of the caudal fin to increase speed. Activity, the degree to which fish utilized different positions of the water column during the trial, was calculated as the coefficient of variation (standard deviation of the depth measurements divided by the mean depth observed). For both burst swimming and directional changes, 5 observations per fish recorded the number of times these behaviors were observed during 1-min intervals. The phenotype was then the average of these 5 observations.
Growth
Growth experiments were performed following the completion of the behavioral trials. Each month for a period of 6 months (July 2002 to December 2002), a total of 336 fish (Hybrid Â dwarf, n 5 198; Hybrid Â Normal, n 5 138) were anaesthetized with 0.001% Eugenol solution whereupon length and body weight were measured. During each measurement, biomass densities among tanks were equilibrated ( 20 g/l), and food rations were adjusted to maintain feeding at 0.8% body mass per day for all groups. Successive body weight measurements permitted the calculation of individual absolute growth rates and determination of the temporal period that yielded the highest rate of growth for QTL phenotypes.
Morphology
In January 2003 (age 2þ), 239 fish (Hybrid Â dwarf, n 5 143; Hybrid Â Normal, n 5 96) were euthanized by pithing the brain (in concordance with Canadian Council on Animal Care, 2005) following an initial anesthetic (0.001% Eugenol). Digital images, length, and weight were recorded to measure the condition factor (weight/length 3 ), a ratio classically employed to assess if fish are slender (condition factor , 1) or robust (condition factor . 1), and to assess the health of fish in captivity (whereby a drop in condition factor over time may indicate chronic stress through lack of feeding) (Iwama 1996) . For the gill raker phenotypes, the left primary gill arch was removed and the number of upper and lower gill rakers was counted for each individual. The phenotype was the total number of gill rakers.
Life History
Each fish was dissected to establish the sex as well as the stage of sexual maturation for females. The gonadosomatic index was measured as weight of gonads (g)/total wet weight of fish (g) Â 100. The stage of female maturity was inferred from the Hjort (1914) maturity index. This index consisted of the following 7 stages based on specific gross anatomical criteria: (stage 1) immature fish with very small sexual organs close to or under the vertebral column and eggs are invisible; (stage 2) initial stage of maturation where ovaries are longer than half the ventral cavity and eggs begin to be visible to the naked eye; (stage 3) development with swelling, tube-like ovaries occupying about half the ventral cavity, and eggs definitely visible to naked eye; (stage 4) maturing with ovaries filling nearly full length of ventral cavity, eggs still translucent/opaque; and (stage 5) maturation with ovaries bulging, filling the ventral cavity, and containing large transparent eggs. At this stage, under ventral body pressure, eggs will expel from the body cavity, and (stage 6/7-quantified as 1 stage) ripe/spent roe running from body, and fish are fully mature or visibly spent with only remnant eggs remaining in the body cavity.
QTL Mapping
All methods and results relevant to the construction and organization of the genetic maps are detailed elsewhere (Rogers and Bernatchez 2007) . Briefly, sex-specific marker segregating in the backcross families was assigned to a linkage group under a log of odds (LOD) of 4, whereas orders and recombination distances of these groups were determined under the Kosambi mapping function independently for both families using MAPMAKER/EXP (Lander et al. 1987) . Defining sex-specific linkage groups was preferable as salmonid fishes are known to exhibit significant sexspecific recombination between male and female gametes, due to tetravalent formations in the males during meioses (Sakamoto et al. 1999; Gharbi et al. 2006) . The Hybrid Â dwarf map has a total of 389 amplified fragment length polymorphisms (AFLP) and 23 microsatellites covering a total of 37 linkage groups, including 34 females linkage groups (average 5 8.0 loci per linkage group, average distance between markers 5 17.3 cM, and a total map length of 2,800 cM) and 14 dwarf male linkage groups (average 5 8.7 loci per linkage group, average distance between markers 5 17.96 cM, and a total map length of 2,127.5 cM). The Hybrid Â Normal map consisted of 452 AFLP and 14 microsatellites covering 41 linkage groups, including 23 hybrid females linkage groups (average 5 8.2 loci per linkage group, average distance between markers 5 16.9 cM, and a total map length of 2,383 cM) and 29 dwarf male linkage groups (average 5 8.1 loci per linkage group, average distance between markers 5 16.9 cM, and a total map length of 3198.9 cM). The homology of these mapped loci between the backcross families supported the existence of 34 linkage groups (of the 40n expected) and exhibits 83% colinearity among linked loci (Rogers et al. 2007) .
All phenotypes were first tested for normality using a Kolmogirov-Smirov test in STATISTICA (Statsoft, Inc.). Square root transformations were used for the burst swimming, directional change, gill raker counts, and the onset of maturity phenotypes. A maximum-likelihood QTL interval analysis was performed in QTL CARTOGRAPHER (Basten et al. 2002) . This analysis estimated the likelihood of QTL from linked marker intervals spanning 2 cM along each linkage group. Experiment-wise significance thresholds for QTL identification were determined by permutation analysis (Doerge and Churchill 1996) , which randomly permutes the phenotypic data over samples and recalculates the LOD test statistic across all mapping intervals. The most extreme LOD value from each permutation was saved and used to generate a distribution of LOD values to which empirical data could then be compared (Doerge and Churchill 1996) . One thousand permutations were performed for each trait with thresholds set to maintain a 1% (highly significant), 5% (significant), and 10% (trend of an association) experiment-wise error rate. The significance of each QTL locus detected in the interval analysis was also tested with an F statistic in a single marker analysis (Basten et al. 2002) . To determine if significant QTL overlapped on the map, 1.5-LOD support units were calculated from the most likely position of significant QTL (Boyartchuk et al. 2001 ).
Genome Scan of Mapped Loci in Natural Populations
The possible role of selection driving divergence of QTLs between dwarf and normal species pairs was tested by comparing patterns of genetic differentiation (F ST ) for the mapped loci among 4 sympatric species pairs of lake whitefish that have evolved independently (Rogers and Bernatchez 2006) . A total of 440 polymorphic AFLP loci amplified from the same selective primer combinations as employed in the linkage map were available for this study (Campbell and Bernatchez 2004) . Homology between QTL and loci among natural populations was inferred when loci from the same selective primer combinations yielded markers of the same molecular weight among populations (within ±0.3 bp; Rogers and Bernatchez 2005) . F ST was estimated between dwarf and normal species pairs for all these homologous loci among the 4 lakes that segregated onto the genetic map. Differentiation at these loci was estimated from the F ST of Nei (1977) after Nei and Chesser (1983) , as described in Campbell and Bernatchez (2004) . Because AFLP loci are dominant, allelic frequencies were estimated assuming Hardy-Weinberg Equilibrium (HWE) from the equation
, where f p is the frequency of the dominant allele, N is the sample size, and P is the number of individuals with the band. HWE assumption was supported by the equilibrium observed for microsatellites. As the outcome of directional selection is to generate outlier F ST values relative to neutral expectations, the most likely loci in the map under the effect of selection were established from thresholds based on the expected level of differentiation under neutrality within each lake. The value of this significance threshold was determined from simulations performed under a neutral model of evolution implementing an algorithm for dominant loci (Campbell and Bernatchez 2004) . The 95% quantile of this expected distribution of F ST differentiation under neutrality was employed as the significance threshold to infer QTL under divergent selection (i.e., when F ST estimates .95% quantile). Thus, loci were deemed potentially under the effect of divergent selection when there was less than 5% chance of observing corresponding F ST estimates under neutrality. This approach is analogous to the approach proposed by Beaumont and Balding (2004) . Given the L-shaped distribution observed in both empirical and simulated F ST values, no systematic attempt was made to assess loci potentially under the effect of balancing selection (Beaumont and Balding 2004) .
Results

Phenotypic Comparisons
All phenotypic comparisons between the 2 hybrid backcrosses supported the underlying hypothesis that the genetic basis of adaptive traits measured in this study was at least partly additive. First, at least one significant QTL was detected for each trait with the exception of the GSI (see below). Also, we consistently found that the direction of phenotypic effect in backcross families (with 3 / 4 of its background inherited from a given parental form) was more similar to the crossed parental ecotype than the other form ( fig. 1 ) but intermediate with respect to the variation observed in parents (see Rogers et al. 2002; Rogers and Bernatchez 2005) .
Behavior
Swimming behavior experiments (depth selection, directional changes, and burst swims) recording individual phenotypes in both families revealed that the Hybrid Â dwarf family maintained a position significantly closer to the surface (analysis of variance [ANOVA], F 5 16.25, P , 0.001) (mean 5 110.1 cm, range 5 18-188 cm) when compared with the Hybrid Â Normal family (mean 5 83.3 cm, range 5 12-189 cm) ( fig. 1a) . Both the Hybrid Â dwarf and Hybrid Â Normal changed direction spontaneously with the Hybrid Â dwarf performing significantly more directional changes per minute (mean 5 0.94, range 5 0-3.2) than the Hybrid Â Normal (N 5 76, mean 5 2.0, range 5 0-2.4) (ANOVA, F 5 15.21, P , 0.0001) (fig. 1b) . The Hybrid Â dwarf family also exhibited significantly more burst swims (average 5 1.01, range 5 0-3.4) when compared with the Hybrid Â Normal family (N 5 76, mean 5 0.4, range 5 0-1.8) (ANOVA, F 5 41.78, P , 0.0001) ( fig. 1c) . No significant difference between families (AN-OVA, F 5 2.70, P 5 0.10) was observed for activity levels with the Hybrid Â dwarf family (N 5 109, mean 5 42, range 5 7.5-94.4) exhibiting a slightly lower overall activity than the Hybrid Â Normal family (N 5 95, mean 5 48.5, range 5 8.1-98.8) ( fig. 1d ).
Growth
Growth experiments performed on the same tagged individuals as in the behavioral experiments found that hybrid backcross families exhibited the highest rate of absolute growth from July to August, consistent with the growth rates observed for whitefish in nature. In the Hybrid Â dwarf family, absolute growth rate (mean 5 0.43 g/day, range 5 0.01-1.52 g/day) was significantly lower than that of the Hybrid Â Normal (mean 5 1.29 g/day, range 5 0.22-4.67 g/day) (ANOVA, F 5 330.52, P , 0.0001) ( fig. 1e) . Consequently, Hybrid Â Normal fish weighed on average 1.8 times (mean 5 285.6 g) more than the Hybrid Â dwarf family (mean 5 156.9 g), leading to a strong dichotomy in size for the same age between the backcrossed families for this period of growth. Upon sacrificing all fish at the end of the experiment (age 2þ), the Hybrid Â Normal family had grown to an average size (mean 5 445.5 g, r 5 114.9 g) that was over twice at large as that of the Hybrid Â dwarf family (mean 5 220.8 g, r 5 53.8 g).
Morphology
The condition factor of Hybrid Â dwarf individuals (mean 5 1.17, range 5 0.6-1.9) was significantly smaller than that of the Hybrid Â Normal individuals (mean 5 1.48, range 5 0.87-2.08) (ANOVA, F 5 371.65, P , 0.0001). In terms of rearing conditions, however, this indicated that all fish in both families were of a healthy weight for their size (condition factor . 1; Iwama 1996) . In terms of morphology, it also indicated that the Hybrid Â dwarf individuals were more slender than the Hybrid Â Normal ( fig. 1e ). In the Hybrid Â dwarf family, significantly more gill rakers were present (N 5 143, mean 5 23.02, range 5 18-27) than in the Hybrid Â Normal family (N 5 96, mean 5 22.23, range 5 19-24) (ANOVA, F 5 22.9, P , 0.0001) ( fig. 1f ).
Life History Phenotypes
We observed a sex ratio of 68 females to 72 males (0.94:1) upon dissection of the Hybrid Â dwarf family. Altogether, an average Hjort maturity index of 4 was found in females with over 25% (17 out of 68) fully mature or spent (i.e., an index of either 6 or 7). Only one Hybrid Â dwarf female was completely immature (index of 1). Only the GSI of females with an index of less than 6 could be accurately measured for QTL analysis (i.e., those that had still retained their eggs inside the body cavity). For these females, the gonads consisted of 5.6% of the female Hybrid Â dwarf body weight ( fig. 1f) .
In the Hybrid Â Normal family, the observed sex ratio was 1:1 with 48 females and 48 males. In contrast to the Hybrid Â dwarf females, no females had fully matured to an index level of 6 (average index 5 3.4), with only 3 females that were nearly mature with index levels of 5. For these females, the mean GSI was 10.4%, twice as high as that of the Hybrid Â dwarf family. However, given the large percentage of females that matured and were spent (eggs expelled from body cavity) in the Hybrid Â dwarf family, compared with none that fully matured in the Hybrid Â Normal family, this prevented accurate phenotypic comparisons of GSI between families for this trait. Yet, these observations indicated a genetic basis for dwarf individuals maturing younger than normal individuals, consistent with observations in nature.
QTL Results
All results relevant to the construction and organization of the genetic maps are presented elsewhere (Rogers and Bernatchez 2007) . At least one significant QTL was detected for all traits with the exception of the GSI. In the Hybrid Â dwarf family, between 1 and 7 QTL were detected for each of the 9 traits tested for a total of 24 QTL over all traits (table 1). In the Hybrid Â Normal family, between 1 and 5 QTL were detected for each of the 9 traits tested for a total of 10 QTL over all traits (table 2).
Behavioral QTL
We found evidence for 10 significant behavioral QTL, including 3 for each of the depth selection and burst swimming traits and 2 for each of the directional change and activity phenotypes (table 1) . Each individual behavioral QTL explained between 12.2% (activity) and 25.8% (depth selection) of the total phenotypic variance (PVE) observed, consistent with segregating behavioral QTL of an intermediate to large effect. The cumulative PVE for these QTL explained 27.3% (activity) to 59.4% (depth selection) of the total experimental variance in the Hybrid Â dwarf family (table 1) . Behavioral QTL were distributed over 7 linkage groups ( fig. 2) . Five significant behavioral QTL were identified in the Hybrid Â Normal family; 2 for burst swimming and directional changes and one QTL for activity level (table 2) . Behavioral QTL in this family individually explained between 16.3% (activity) and 31.5% (directional changes) of the total PVE observed per behavior. Cumulatively, these QTL explained 16.3% (activity) to 59.7% (directional changes) of the total experimental variance in the Hybrid Â Normal family. These QTL were distributed over 5 linkage groups. In certain instances, QTL regions in the Hybrid Â Normal family overlapped with those regions associated with QTL in the Hybrid Â dwarf family, such as ACTC086.6 (Lg32), which was significantly associated with burst swimming QTL in both hybrid backcrosses ( fig. 2 ).
Growth QTL
Seven growth QTL were detected in the Hybrid Â dwarf family, individually explaining between 6.6% and 16.5% of the total PVE observed, that is, many QTL of an intermediate effect. Cumulatively, these QTL explained 69.2% of the total experimental variance in the Hybrid Â dwarf family and were distributed over 6 linkage groups (table 1 and fig. 2 ). Four growth QTL were detected in the Hybrid Â Normal family, individually explaining between 9.7% and 12.7% of the total PVE observed. Cumulatively, growth QTL in the Hybrid Â Normal family explained 46.6% of the total experimental variance observed and were distributed over 3 linkage groups (table 1). Three growth QTL segregated onto the same linkage groups in both families (Lg1, Lg8, and Lg11). Of these, marker GGTG105.1 was homologous and significantly associated with growth on Lg1 in both the Hybrid Â dwarf and Hybrid Â Normal genetic backgrounds ( fig. 2 ).
Morphological QTL
In the Hybrid Â dwarf family, 3 QTL were associated with condition factor, each explaining between 6.5% and 7.8% of the PVE observed. Condition factor QTL had a cumulative PVE of 22% and were distributed over 3 linkage groups (table 1) . There were no significant condition factor QTL detected in the Hybrid Â Normal family, although a statistical trend for an association was observed for 1 interval on Lg32 (position 48.31 cM, ACTC175.4-ACTC138.4, LOD 5 2.48) (table 2). Three QTL gill rakers were detected in only the Hybrid Â dwarf family, each explaining between 11.5% and 13.4% and overall explaining 38% of the PVE (table 1) and distributed over 3 linkage groups ( fig. 2) .
Life History QTL
Onset of maturity and GSI could only be analyzed for female individuals, thus greatly reducing the sample size. In the Hybrid Â dwarf family, only one QTL was associated with the onset of maturity explaining 22% of the PVE on Lg25 (table 1) . A single QTL for GSI was also detected on the same linkage group (LOD 5 3.81, PVE 5 43.7%), but presumably the low sample size (N 5 51) due to some females that were fully mature/spent contributed to high LOD threshold values that precluded experiment-wise significance and contributed to the inflated PVE (table 1). In the Hybrid Â Normal family, only one QTL was detected for onset of maturity (Lg15, PVE 5 30.6%) (table 2).
Overlapping QTL of Different Traits
We also observed several instances of overlapping QTL across traits. In the Hybrid Â dwarf family, 3 linkage groups (Lg1, Lg7, and Lg24) consisted of overlapping QTL or QTL in close proximity based on the range of the 1.5-LOD support units (table 1 and fig. 2 ). On Lg1, overlapping QTL were associated with growth (119-160 cM) and condition factor (135.7-164.0 cM). On Lg7, QTL associated with both growth (78.3-120.5) and burst swimming (72.3-102.9 cM) also overlapped ( fig. 2) . Lg24 was associated with a marginal QTL for growth (89.1 cM) which NOTE.-Interval-mapping analysis of 9 quantitative traits listed according to the category of trait: behavioral, physiological, morphological, and life history. N refers to the sample size and Lg refers to the linkage group within which the QTL was detected. QTL interval and position (cM) refer to the marker interval showing the most likely association to the phenotype with its position (cM) measured from the 1st marker and the corresponding 1.5 LOD units of support (but see also fig. 2 ). Microsatellite loci in QTL interval are italicized (see fig. 2 ). LOD refers to the log of odds significance level as determined by 1,000 permutations. The PVE represents the percentage of phenotypic variance explained by the QTL.
a Experiment wise a , 0.01. b Experiment wise a , 0.10. c Experiment wise a , 0.05. d QTL was at the a 5 0.10 significance limit, therefore, inferred as marginal evidence for growth QTL.
was within 21 cM of a QTL for directional changes (53.3-67.3 cM) and proximal to a QTL for depth selection (0.01-22.5 cM) and gill rakers (135.6-158.7 cM) ( fig. 2 ).
QTL and Segregation Distortion
Both AFLP and microsatellite loci exhibited deviations from Mendelian expectations in the genetic map, with 30.4% exhibiting significant segregation distortion across 28 linkage groups of the 4 linkage maps of both families (detailed in Rogers et al. 2007 ). The degree and direction of segregation distortion among mapped loci between families are correlated (Spearman R 5 0.378, P 5 0.0021), indicating that changes in different genomic regions have resulted in chromosomal regions that are no longer complementary between genomes Bernatchez 2006, 2007) . To this end, we observed that 33% of QTL in the Hybrid Â dwarf and 56% of QTL in the Hybrid Â Normal backcross were associated with mapped regions exhibiting segregation distortion ( fig. 2 ). There were certain distorted regions also associated with outliers under the influence of selection among natural populations (see below; CATA104.5 and CATA120.2 for growth QTL on Lg4; CCTC122.9 and CCTC061.8 for growth on Lg8; CATA101.9 for growth on Lg11; and CAAG069.8 and CAAG116.1 for directional change QTL on Lg14; fig. 2 ).
Map-Based Genome Scans among Natural Sympatric Pairs
Among 440 polymorphic loci previously characterized among 4 sympatric population pairs (Campbell and Bernatchez 2004) , 180 loci were homologous and present within the 403 loci mapped in the Hybrid Â dwarf family.
These 180 loci were distributed over 34 of 37 linkage groups. Fewer polymorphic loci among sympatric pairs were homologous with the Hybrid Â Normal map, with 131 homologous loci among the 467 mapped in the Hybrid Â Normal family. These were distributed over 27 of the 41 current linkage groups in this family. A total of 39 of these loci in both families included loci associated with QTL (33 in the Hybrid Â dwarf and 8 in the Hybrid Â Normal family, with 2 being shared between families; fig. 2 ).
Genome scans estimating the extent of genetic differentiation at single loci between sympatric dwarf and normal whitefish species pairs among 4 lakes identified 24 outliers with F ST values higher than the 95% quantile for these mapbased loci (see table 3 for the 95% quantile significance thresholds generated from simulations in each lake). These were therefore considered as candidates under the effect of directional selection (table 3) . Overall, 19 of these outliers were found in Hybrid Â dwarf family, whereas 8 outliers segregated in the Hybrid Â Normal family (3 of these outliers were the same loci between families). Nine outliers were located on QTL in the Hybrid Â dwarf family. Globally, a v 2 indicated that the proportion (47%) of outlier QTL (9 QTL outliers out of 19 outliers) exhibiting a signature of selection among lakes was significantly higher than an expected proportion of 19% of map-based loci that should be associated with QTL by chance alone. This is based on the observation that 33 loci (within 1.5 LOD units of support) were associated with QTL among the 180 map-based loci that were used in this genome scan (19% of 19 outliers 5 3.6 QTL outliers expected) (v 2 5 8.15, P 5 0.0015). These 9 QTL outliers were distributed over 6 linkage groups (Lg1, Lg4, Lg6, Lg7, Lg8, and Lg14) associated with growth, burst swimming, activity, and directional changes. One of these outliers on Lg4, CATA104.5, was significantly associated with growth (LOD 5 2.83, PVE 5 7.3%, P 5 0.032), but the most likely position for this QTL was downstream at 157.1 cM in the Hybrid Â dwarf family (tables 1 and 3). QTL on 3 linkage groups (Lg4, Lg6, and Lg8) exhibited parallel reductions of gene flow among more than one sympatric species pairs and were associated with growth (Lg4 and Lg8) and condition factor (Lg6) (table 3). Four additional outliers were located just outside of the 1.5 LOD units of support and may have therefore been indirectly under the influence of selection via hitchhiking ( fig. 2 and table 3 ). These included CATA073.7, an outlier marginally associated with condition factor on Lg6; CATA0134.6, an outlier marginally associated with growth on Lg11; CAAG069.8, an outlier marginally associated with directional changes on Lg14; and GGTG052.9, an outlier marginally associated with gill rakers on Lg24.
In the Hybrid Â Normal family, 8 loci within the map showed a signature of selection and were distributed among 4 linkage groups (Lg1, Lg8, Lg11, and Lg36) associated only with growth (table 3) . Four of these outliers (50%) were associated with QTL. Globally, a v 2 test indicated that the proportion of outlier QTL was higher than an overall expected proportion of 6.1% of outliers expected by chance alone (based on 8 QTL segregating the 130 map-based loci for this family, thus 0.061% Â 8 outliers 5 0.49 QTL outlier expected) (v 2 5 12.93, P 5 0.0002). These QTL were all associated with growth and distributed over 3 linkage groups (Lg1, Lg8, and Lg11) ( fig. 2) . Notably, these linkage groups were also associated with growth in the Hybrid Â dwarf family.
Discussion
The objective of this study was to elucidate the genetic architecture of ecological speciation in diverging dwarf and normal lake whitefish species pairs. Our data from 2 hybrid backcross families provided strong evidence for the joint genetic basis of behavioral, physiological, morphological, and life history traits contributing to adaptive divergence between dwarf and normal species pairs. Homologous loci among natural populations that exhibited significantly high levels of genetic divergence compared with neutral expectations were more often associated with these adaptive QTL relative to other regions of the genome than expected by chance. Altogether, QTL loci exhibiting significant reductions of gene flow were observed for swimming behavior, growth, condition factor, and marginally to the number of gill rakers. These results illustrate how divergent natural selection is currently maintaining differentiation between dwarf and normal species pairs of whitefish at many traits and provide strong empirical support for the ecological speciation hypothesis.
Genetic Architecture of Adaptation
One or more significant QTL were detected for all traits measured. At least 24 QTL detected within the Hybrid Â dwarf family and 10 within the Hybrid Â Normal family underlie the genetic basis of these divergent traits between dwarf and normal whitefish. Aside from QTL for growth (loci on Lg1, Lg8, and Lg11) and directional changes (loci on Lg32), most QTL in one genetic background were not observed in the other. In the Hybrid Â dwarf family, we are effectively looking at the segregation of the normal whitefish into a dwarf genetic background, whereas in the Hybrid Â Normal, it is the segregation of the dwarf allele in a primarily normal genetic background. Thus, the detection of QTL will primarily be determined by the presence of significant phenotypic differences in the parental lines used to generate the cross. However, differences in the magnitude of additive effects for QTL between the 2 backcrosses may also be due to dominance. For example, a case of complete dominance would lead to a significant effect in one backcross (e.g., Aa vs. aa) but no effect in the other (AA vs. Aa) (Vieira et al. 2000) . Indeed, whereas there were more than twice the number of QTL detected in the Hybrid Â dwarf family (24 in Hybrid Â dwarf vs. 10 in the Hybrid Â Normal), the average magnitude of effect was higher FIG. 2. (Continued) in the Hybrid Â Normal backcross (average Hybrid Â dwarf PVE 5 13.4% vs. average Hybrid Â Normal PVE 5 19.3%). This may be an indication that certain traits, such as depth selection and burst swimming behavior, may consist of a dominant genetic basis with the dominant alleles segregating in both genetic backgrounds. This would be consistent with observations of the quantitative genetic basis of these behaviors in the parental lines, where dominance was observed in the F1 hybrids (Rogers et al. 2002) . In such cases, determining the parental source of the genotype will be complicated. This was likely complicated further by the fact that these backcrosses originated from outbred sources but overall suggest that both additive and dominant effects may be influencing adaptive divergence and consequently it will be important to investigate multiple genetic backgrounds when dissecting the genetic architecture of complex traits.
The magnitude of single QTL phenotypic effects averaged 16% across all traits and both families, but considerable variation was observed among traits. These results are consistent with genetic studies in plants (e.g., Bradshaw et al. 1995; Kim and Rieseberg 1999; , insects (e.g., Jones 1998; Hawthorne and Via 2001), and other vertebrates (Peichel et al. 2001; Albertson et al. 2003) , indicating that evolutionary changes during population divergence are under the control of genes with a variable magnitude of effect, of which some QTL account for a substantial fraction of the variance observed in certain traits (Orr 2001; Coyne and Orr 2004; Orr 2005a) .
QTL linked to adaptive traits are statistically associated with genes or other causal variants affecting trait differences (Goldstein and Weale 2001) . The underlying nature of linkage disequilibrium between trait and such marker associations may be highly variable (Reich et al. 2001) . Previous studies have shown that although the effects of selection are locus-specific, linkage disequilibrium may implicate other loci over larger physical distances if selection for the trait in question is strong enough (Goldstein and Weale 2001; Reich et al. 2001) . Similarly, it is plausible that QTL associated with gill rakers on Lg24 could appear to be under the effect of selection in Cliff Lake only because of hitchhiking with the closely linked GGTG052.9, an outlier proximate to 3 adaptive traits, 2 of which overlap ( fig. 2) . Admittedly, this remains hypothetical until we can determine to what extent selection implicates linkage disequilibrium among these loci in natural populations, which will be NOTE.-Several outliers associated to QTL and exhibiting significant outlier levels of genetic differentiation (.Q 95 , as defined in Campbell and Bernatchez 2004 ) between sympatric pairs among 4 lakes as shown by the QTL trait column (-indicates no detected QTL associated with outlier). Loci in bold indicate homologous locus between families. Lg refers to linkage group in mapping family. See tables 1 and 2 for details regarding location, significance, magnitude, and direction of effect for all QTL. All outlier loci were either (i) significantly associated within 1.5 LOD units of support (see fig. 2 for the location of QTL and significant outliers on the linkage map) or (ii) traits marked with (h) were outside the support column for QTL and are only considered as possible candidates for hitchhiking.
a Indicates F ST outlier significantly greater than the 95% quantile of the expected value under neutrality, b Significantly associated with growth (LOD 5 2.83, P 5 0.032), peak location is 157.1 cM on Lg4 (see table 1 and fig. 1 ), c Indicates parallel observation of significant F ST outlier values.
important toward understanding the impact of selection on the current genetic architecture (Charlesworth et al. 1997) . For example, if specific genomic regions influence more than one adaptive trait, these genomic regions are also more likely to be involved in reproductive isolation, whereby intermediate genotypes will affect several intermediate hybrid phenotypes, thus increasing the chances of prezygotic and postzygotic reproductive isolation (Rice and Hostert 1993; Hawthorne and Via 2001) . Many QTL loci did not exhibit a signature of selection among natural populations of whitefish, and many of the outliers were not under the influence of selection in more than one environment. Confounding demographic, spatial, or local effects on adaptive divergence may affect F ST among environments (Beaumont and Balding 2004; Storz 2005) .
Consequently, disentangling the effects of demography and reducing the chances of false positives will continue to require the integration of multiple approaches to detecting selection, both at the level of natural populations (Bonin et al. 2006) and with respect to making links back to the underlying candidate genomic regions (Stinchcombe and Hoekstra 2007) .
Variation in genetic architecture or genotype Â environment interactions may also preclude the detection of adaptive traits under selection (Hoekstra and Nachman 2003; Gardner and Latta 2006) . For example, the polygenic nature of adaptive traits may result from the role of selection acting on all QTL simultaneously giving the appearance of neutrality when considering each locus individually (McKay and Latta 2002) . This is coupled with the observation that allelic covariance among QTL could result in substantial adaptive phenotypic change despite relatively small phenotypic effects of each individual locus (Le Corre and Kremer 2003) . QTL detection will be dependent on alleles with significantly different trait effects segregating in the mapping family. Therefore, theory predicts that differential effects are expected between genetic backgrounds even in the absence of selection (Tanksley and Hewitt 1988; Leips and Mackay 2000; . This is important to consider in the context of adaptive divergence when given that allelic fitness may likely depend on its genetic background . Nonetheless, evidence from both divergent genetic backgrounds suggests that at least 3 linkage groups exhibited QTL loci associated with growth that were significantly divergent between natural sympatric species pairs, offering particularly strong evidence of a functional genomic response to selection for differential growth.
Relationship between Adaptive Divergence and Reproductive Isolation Dobzhansky (1951) proposed that the genotype of a species is an integrated system adapted to the environment or ecological niche in which the species lives, whereby recombination in the offspring of hybrids may lead to the formation of discordant gene patterns. The final ''component'' of ecological speciation involves the genetic mechanism by which selection of ecological traits is transmitted to the genes causing reproductive isolation (Schluter 2000; Rundle and Nosil 2005) . The detection of QTL and evidence of the role of selection at these QTL offer tangible evidence for elucidating the genetic basis of reproductive isolation in the adaptive divergence of dwarf and normal species pairs. The questions that now arise pertain to how and why these adaptive QTL experience a significant reduction in gene flow compared with the rest of the genome. This includes distinguishing between the genes under divergent selection and those actually causing reproductive isolation (Wu and Hollocher 1998; Wu and Ting 2004) . Notably, 33% of QTL in the Hybrid Â dwarf and 56% of QTL in the Hybrid Â Normal backcross were associated with segregation distortion. These distorted regions were also associated with outliers under the influence of selection among natural populations (e.g., outliers for growth QTL on Lg4, Lg8, Lg11 and for directional change QTL on Lg14; fig. 2 ). Segregation distortion due to hybrid inviability may be considered as locus-specific evidence of selection for or against genotypes (Rieseberg et al. 1993; Launey and Hedgecock 2001) . Distorted loci may therefore be very important to acknowledge when studying the genetic basis of adaptation (Rieseberg et al. 1993; Orr 2005b ). Although our sample sizes were low for QTL detection, they were high enough to ensure that contiguously distorted alleles were adequately represented in the sample size of the QTL interval analysis (Bradshaw et al. 1998) . Ultimately, consideration of the relationship between the genetic basis of adaptive traits and hybrid inviability leading to segregation distortion will contribute to a more direct understanding of the consequences of adaptive divergence leading to the formation of reproductive isolation (Bradshaw et al. 1998 ). This will be particularly important for distorted loci associated to adaptive QTL that also exhibit significantly high levels of genetic divergence among parallel populations, such as those observed for adaptive QTL outliers associated with growth and condition factor on Lg4 and Lg6. Differential hybrid survival as a consequence of adaptive divergence for growth at these genomic regions appears likely and will need to be confirmed experimentally.
Ecological Speciation of Dwarf and Normal Lake Whitefish Species Pairs
Fishes in postglacial lakes have long been considered natural laboratories to study adaptive genetic variation (McPhail and Lindsey 1970; Robinson and Schluter 2000) . Many northern temperate lakes inhabit sympatric dwarf and normal lake whitefish species pairs that have evolved independently (Pigeon et al. 1997) . The level of genetic divergence between these sympatric pairs is directly related to the level of morphological specialization with respect to trophic niches, consistent with studies in other postglacial sympatric pairs that have cumulatively been considered strong support for the ecological speciation hypothesis (e.g., Coyne and Orr 2004; Rundle and Nosil 2005) . However, ecological speciation must demonstrate that divergent natural selection is the principal cause of differentiation between dwarf and normal species pairs in the traits that are used to exploit these environments.
Here, evidence for directional selection acting on the genetic architecture of swimming behavior, growth, gill rakers, and life history also presents a hypothetical predictable framework of events for the parallel evolution of distinct life histories that characterize dwarf and normal whitefish. Behavior is hypothesized to be the first trait to respond to selection in divergence toward limnetic habitats concordant with the consensus that expansion to new resources and environments remains the dominant ecological theme in adaptive radiation (Mayr 1963; Schluter 2000) . Namely, habitat isolation and resource selection play a major role in the shift into new adaptive zones and initiating new evolutionary events. Within this context, the expansion to new resources follows a specific sequence of events involving an initial habitat separation followed by a divergence with respect to prey size and food types (Schluter 2000) . Dwarf whitefish primarily feed on limnetic prey and exhibit genetically based habitat isolation by occupying higher positions in a water column (Bernatchez 2004 ). In the experimental families, the magnitude of effect for depth selection QTL was relatively high (PVE 5 26%) compared with all other traits except directional changes, suggesting that this trait may have had the potential to respond quickly to selection upon colonization of the limnetic niche.
Subsequent divergence during the exploitation of novel limnetic resources may have contributed to selection on additional behavioral traits. For example, predation carries the ultimate fitness cost (Vamosi and Schluter 2002) , and limnetic dwarf whitefish are more likely to be preyed upon by large salmonids (e.g., lake trout) when compared with their benthic counterparts (Kahilainen and Lehtonen 2003) . The detected effect of divergent selection on behavioral QTL, such as an increase in directional turns and burst swims in dwarf fish, suggests that these traits may indeed increase predator avoidance (Domenici and Blake 1997; Rogers et al. 2002; Vamosi and Schluter 2002; Walker et al. 2005) .
Additionally, behavioral strategies within limnetic environments may be correlated with growth (Walker et al. 2005) . For example, significant biases in directional changes carry a higher energetic cost than normal swimming and affect ratios of white to red muscle in fishes (Heuts 1999) . The burst swim response is energetically demanding and invokes a rapid wave of muscle contraction along one side of the vertebral axis which bends the fish into a C-shape (Weihs and Webb 1984) . Burst swimming in fishes leads to peak accelerations that can occur within 0.02 s and has been measured as high as 40 body lengths per second (Domenici and Blake 1997) . Because energetically demanding burst swimming is a fundamental locomotor behavior directly related to predator avoidance (and thus survival), this suggests a potential trade-off between predator escape and other traits (Walker et al. 2005) . In lake whitefish, for instance, such predator avoidance behaviors may limit available energy that can be invested in growth and reproduction (Rogers et al. 2002) . Under natural conditions, dwarf whitefish consume 40-50% more food than normal ecotypes, yet their conversion efficiency of these resources is less than half than that of the normal ecotype (Trudel et al. 2001) . We propose that behavioral adaptation for occupying a limnetic environment may incur a substantial trade-off in energetic allocation between survival and growth for dwarf whitefish, which may partially explain why swimming behavior and growth are both targets of divergent selection.
It has been well established that dwarf whitefish, which have higher gill raker numbers, are associated with a diet of smaller, limnetic zooplanktonic prey, whereas normal ecotypes with fewer gill rakers fed mainly on larger, epibenthic preys (Bernatchez 2004) . However, evidence of selection acting on loci in proximity to QTL associated with gill rakers (Lg24) was limited and observed only in Cliff Lake. Interestingly, Lg24 also comprises QTL associated with growth and behavioral traits for which evidence for selection was more pronounced. This raises the hypothesis that gill raker QTL could be indirectly selected by genetic correlation to these other traits in lake whitefish, although the distance between these different QTL is large.
Altogether, these data offer genomic evidence that divergent natural selection is maintaining genetic differentiation at several adaptive differences between dwarf and normal lake whitefish. They also suggest that adaptive divergence in the limnetic niche may ultimately favor dwarf whitefish that are smaller and mature earlier due to energetic constraints imposed by an increased swimming activity for planktonic feeding and predator evasion. The magnitude of phenotypic effects observed at the QTL controlling these traits supports the hypothesis that the evolution of adaptive divergence may have been rapid. This implies that overall there may have also been stronger selection on the dwarf ecotype compared with the normal with respect to this resource-based divergence. This is indirectly supported by the number of outlier loci we observed in the Hybrid Â dwarf backcross (n 5 19 over 180 mapped loci) compared with the Hybrid Â Normal (n 5 8 over 131 mapped loci). Although this would need to be confirmed with additional crosses under a controlled experimental design, it does offer a preliminary indication of stronger selection on the dwarf relative to the normal genetic background.
However, these phenotype-environment associations only partially predicted the genotype-environment associations, with many QTL outliers exhibiting variable levels of genetic divergence among independent environments. Consequently, the complex role of natural selection in generating/maintaining phenotypic diversity will only be understood by deciphering the mechanisms underlying both gene-gene and gene-environment interactions (Gardner and Latta 2006) . To conclude, this study shows that a top-down framework, first seeking to identifying phenotypeenvironment associations and subsequently to deciphering the genetic architecture and the role of selection, holds promise for investigations into the process of ecological speciation, particularly in nonmodel organisms.
